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Abstract
Short-wavelength-sensitive (SWS) resolution acuity has been reported to be limited by the density of the responding ganglion cells for
people without appreciable age-related lenticular change. This study measured the robustness of SWS-cone acuity and contrast sensitivity
(CS) to simulated lens yellowing and opaciWcation. Resolution acuity at 8 deg eccentricity proved robust to signiWcant amounts of yellow-
ing and remained lower than detection acuity, indicating that the resolution continued to be limited by ganglion cell density. Both the
detection and resolution CS functions were aVected by simulated lens yellowing, except for resolution close to the CS cut-oV. For simu-
lated opaciWcation, only dense opacity signiWcantly aVected performance. SWS resolution acuity and CS close to the resolution limit are
resistant to moderate simulated age-related lens changes and continue to be mediated by the density of the responding ganglion cells, indi-
cating important clinical potential to measure SWS neural losses of vision in older subjects.
© 2006 Elsevier Ltd. All rights reserved. 
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The identiWcation of various subsets of retinal ganglion
cells has led to the development of new tests for glaucoma
and other degenerative diseases that attempt to isolate and
study a particular class of cells (for reviews, see Johnson,
2001; Sample, 2001). This approach has been widely used in
colour studies to determine if some cone types and their
associated chromatic pathways are more susceptible to
damage and, consequently, to develop more sensitive tests
(e.g., Alvarez et al., 1997; Beirne et al., 2003; Felius, van den
Berg, & Spekreijse, 1995; Pearson, Swanson, & Fellman,
2001; Yu, Falcao-Reis, Spileers, & Arden, 1991). Some
studies have reported selective short-wavelength-sensitive
(SWS) deWcits in conditions like glaucoma (Felius et al.,
1995; Kalmus, Luke, & Seeburgh, 1974; Lakowski, Bryett,
& Drance, 1972; Yu et al., 1991). Correspondingly, a large
number of studies using blue-on-yellow perimetry (SWAP)
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detect glaucoma at an earlier stage than conventional ach-
romatic tests, which non-selectively stimulate all photore-
ceptor types (e.g., Johnson, Adams, Casson, & Brandt,
1993; Sample, Boynton, & Weinreb, 1988). However, most
colour tests, and in particular those that use short-wave-
length targets, are aVected by lens absorption in the short-
wavelength range, which increases dramatically with age
(lens yellowing). The need for individual lens density mea-
surements, which are time consuming, hampers the clinical
applicability of these tests. Intraocular scatter also seems to
have a greater eVect on blue-on-yellow sensitivity than on
white-on-white sensitivity (Kim, Kim, Shin, Kim, & Jung,
2001; Moss & Wild, 1994).
Recent studies have developed psychophysical tests with
a stronger theoretical link between performance and the
relevant responding ganglion cell density. Under achro-
matic conditions, peripheral resolution acuity measurement
(employing orientation discrimination) is a well-researched
technique which has demonstrated a signiWcant advantage
in providing a strong link between the psychophysical
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ganglion cells (for reviews, see Johnson, 2001; Thibos,
1998). Studies by Thibos and collaborators (Thibos, Che-
ney, & Walsh, 1987; Thibos, Walsh, & Cheney, 1987) pro-
vide convincing evidence that grating resolution in the
retinal periphery is limited by the density of the ganglion
cells that sample the image (sampling limited performance).
Gratings with spatial frequencies higher than the resolution
limit can often still be detected as a spurious pattern (alias-
ing) but the orientation cannot be determined owing to
neural undersampling. As a result, two separate peripheral
acuity thresholds arise for which we employ the following
terminology: the resolution threshold is the highest spatial
frequency for which the orientation can be discerned and
represents the Nyquist limit set by the spacing of cells in the
ganglion cell array; the detection threshold is the highest
spatial frequency for which spatial contrast can be detected
and is limited mainly by the quality of the eye optics (Wil-
liams, Artal, Navarro, McMahon, & Brainard, 1996). It was
also shown that the form of the high spatial frequency end
of the contrast sensitivity function depends on whether a
detection or resolution task was used, the resolution task
resulting in a steeper slope and lower cut-oV of the contrast
sensitivity curve than the detection task, indicating that res-
olution contrast sensitivity can be limited by neural under-
sampling (Thibos, Still, & Bradley, 1996). For chromatic
vision, it has also been shown that the small bistratiWed
ganglion cells receive their input from the SWS-cones
(Dacey, 1993; Dacey & Lee, 1994) and might reasonably be
expected to limit resolution performance under SWS-cone
isolating conditions. Metha and Lennie (2001) found that
SWS resolution acuity at several eccentricities was too low
to be predicted solely by the density of the SWS-cones, but
was consistent with pooling of SWS-cone signals at postre-
ceptoral level. Recently, a variety of other ganglion cells
receiving input from SWS-cones have been discovered
(Dacey & Parker, 2003; Dacey et al., 2005). These ganglion
cells are of very low density and whether they contribute to
the SWS-acuity still remains an open question. On the other
hand, a close relationship has been found, both foveally
and peripherally, between the SWS resolution acuity and
the sampling density of the small bistratiWed cells (Ander-
son, Zlatkova, & Demirel, 2002), indicating promising clini-
cal applicability in diseases, which might cause death or
dysfunction of these cells. Our recent study (Beirne et al.,
2003) measured peripheral resolution acuity under SWS-
cone isolation and showed that this technique has stronger
potential than standard automated perimetry to identify
visual loss in early to moderate glaucoma. It is important to
know what is the contribution of the preretinal factors to
the measured resolution acuity, as this would aVect the abil-
ity of the test to detect neural loss. There is evidence that
SWS resolution acuity can be resistant to lens yellowing
(Anderson, Coulter, Zlatkova, & Demirel, 2003; Swanson,
1989). The eVect of the scattered light due to the lens opaci-
Wcation has not been studied for SWS resolution acuity or
contrast sensitivity. In the present study, we separately sim-ulated the kind of lens yellowing and opaciWcation that
develop with age. Our initial goal was to determine how
robust is blue-on-yellow grating resolution acuity to these
simulated age-related lens changes. The eVects of the simu-
lated lens changes on blue-on-yellow grating contrast sensi-
tivity were also studied at a range of spatial frequencies
near resolution limit, where performance is related to the
underlying ganglion cell density as indicated above. Does
resolution performance remain sampling limited (evidenced
by a higher detection than resolution acuity and the pres-
ence of aliasing) under diVerent simulation conditions,
thereby indicating that resolution performance continues to
be limited by neural rather than optical factors?
2. Methods
2.1. Subjects
Two of the authors who were both experienced psychophysical observ-
ers (MBZ, 54 years and EEC, 29 years), with known lens density index,
acted as the main subjects in this study. Both had foveal Snellen acuity of
6/6 and contrast sensitivity scores of 1.8 on the Pelli–Robson letter chart.
Nine additional volunteers (5 younger, 22–29 years and 4 older, 51–60)
drawn from departmental staV and students were tested in order to expand
the main results. All subjects were free of ocular abnormalities as deter-
mined by a recent eye examination in the university optometry clinic
including dilated fundus examination and slit-lamp biomicroscopy. All
had corrected Snellen acuity of 6/6 or better, distance refractive error in
the range from +1.50 D to ¡5.00 D spherical equivalent and astigmatism
of not greater than ¡1.5 D. In addition, for all subjects the intraocular
pressure was less than 22 mm Hg, colour vision was normal as assessed by
the Ishihara test and City University Colour Tests and no lens opacities
were observed with slit-lamp examination. The eye with the better acuity
was chosen as a test eye. Each subject was optically corrected for the fovea
using full-aperture trial lenses with subjective modiWcation for viewing dis-
tance and the shift of focus owing to the short-wavelength stimulus. To
provide a suYciently high level of retinal illuminance for eYcient SWS-
cone isolation and to keep the pupil size similar for diVerent ages, all sub-
jects were dilated using 1% Tropicamide. The pupil diameter was 7 mm for
MBZ and 8 mm for all other subjects.
2.2. Stimuli and apparatus
The apparatus is described in detail elsewhere (Anderson et al., 2002).
The short-wavelength stimuli were displayed on a calibrated computer
monitor driven by a Visual Stimulus Generator VSG2/3 graphic card
(Cambridge Research Systems, Rochester, UK) using the supplied Psycho
software. Stimuli were sinusoidal gratings generated by the blue gun only
(CIE x D 0.147, y D 0.07), with the same mean luminance as their blue
background (1.2 cd/m2). The monitor screen subtended 25° by 32° at a
viewing distance of 0.65 m. The grating patch was circular with a diameter
of 4°, presented at 8° eccentricity at either 90° (superior) or 270° (inferior)
meridian. The grating contrast was presented as a temporal ramp with a
rise time of 0.3 s, maximum contrast for 0.4 s and decay time of 0.3 s (1.0 s
in total). Two small, closely spaced, vertically aligned squares (0.3° size)
served as a Wxation target and the subject Wxated the central gap (0.5°) in
the centre of the monitor. To isolate the SWS-cone pathway, the grating
stimuli were optically superimposed on an intense broadband yellow light
(CIE x D 0.529, y D 0.468) with a luminance of 910 cd/m2. The retinal illu-
mination was calculated in Trolands and was corrected for the Stiles–
Crawford directional eVect, using Le Grand method (Le Grand, 1957).
Since the individual pupil size varied between 7 and 8 mm, the retinal illu-
mination from the yellow background was between 4.35 and 4.3 log Td.
This background intensity was used to ensure SWS-cone isolation even
when the densest Wlters were applied. The yellow background was
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Optics Ltd., UK, half maximal absorption at 530 nm) positioned in front
of the projector lens. Only the right eye was tested.
2.3. Lens yellowing simulation
A set of yellow Wlters (LEE Filters, Andover, UK; CC10, CC20 and in
combination) of increasing short-wavelength absorption and almost trans-
parent for long-wavelength light was applied to simulate the typical spec-
tral absorption changes of the lens with age. Figs. 1A and B plot the lens
simulation values for the two main subjects (MBZ and EEC). The stan-
dard lens density spectrum of Norren and Vos (1974) was used as a base-
line for the younger subject EEC (Fig. 1A). For the older subject MBZ a
diVerent baseline was calculated using the formula from Pokorny, Smith,
and Lutze (1987) that includes the age of the observer (Fig. 1B). The lens
yellowing simulation for each subject was calculated by adding the Wlters’
optical density spectra to the baseline. We simulated lens changes typical
for subjects up to 75 years of age with the subject EEC and lens changes
up to approximately 80 years of age with the subject MBZ (Savage, Hae-
gerstrom-Portnoy, Adams, & Hewlett, 1993; Weale, 1988; Werner, 1982).
Lens density at 450 nm for EEC or 430 nm for MBZ was estimated fol-
lowing the procedure of Norren and Vos (1974), by the diVerence between
two scotopic thresholds at 450 nm (or 430 nm) and 570 nm at 15 deg eccen-
tricity. These values were plotted in Fig 1 and were found to lie close to the
baseline curves.
2.4. Lens opaciWcation simulation
A pair of white opacity Wlters producing diVerent degrees of scatter
was used to simulate the increased light scatter and absorption with age
(LEE Filters, Andover, UK; White Fog3 and Fog5). We quantiWed the
Fig. 1. Lens yellowing simulation. (A) Comparisons of the lens yellowing
simulation for the subject EEC with data of lens density changes with age.
Solid grey curve, lens density spectrum of the standard observer from
Norren and Vos (1974); dashed lines, lens yellowing simulation; solid sym-
bols, average lens density from Savage et al. (1993) for mean ages 54
(squares) or 65–75 (triangles). Open square: individual lens density. (B)
Lens yellowing simulation for the subject MBZ. Solid grey curve, lens den-
sity for 54 years calculated from Pokorny et al. (1987) equation. All other
symbols are the same as for (A).Wlters by a method similar to that described by Elliott, Bullimore, Patla,
and Whitaker (1996). The distribution of the light scattered at diVerent
angles from a light source was measured in the range 4–15 deg by using the
rotatable facility of a spectrophotometer. The resulting curve is shown in
Fig. 2A, conWrming that we were simulating wide-angle scatter. The
amount of the scattered light varied inversely proportional to the square
of the angular distance which has been shown to be a typical relationship
for the intraocular scatter (Ijspeert, de Waard, van der Berg, & de Jong,
1990).
We also classiWed the Wlters according to subjective performance with
the Pelli–Robson chart at 1 m. Subjects MBZ and EEC performed the test
with and without the presence of glare produced by the hand-held Bright-
ness Acuity Tester (BAT, Marco Ophthalmic, Inc., Jacksonville, FL, USA)
at its medium setting (340 cd/m2). The disability glare was deWned as the
diVerence between the CS measures with and without glare. Figs. 2B and C
show log CS scores for the two Wlters designated here as #1 and #2, for
both subjects. The densest Wlter #2 created a signiWcant visual loss. This
Wlter produced considerable disability glare, which at 1 m was 0.45 log
units for EEC and 0.75 log units for MBZ, in the range of that reported by
Elliott and Hurst (1990) and Elliott et al. (1991) for cataract patients. Fil-
ter #1 produced disability glare in the same range (0.45 log units) only for
MBZ. However, Snellen visual acuity under standard clinical conditions
remained 6/6 or better for both subjects with even the densest of these
Wlters.
Fig. 2. OpaciWcation simulation. (A) SpeciWcation of the scattering proper-
ties of LEE Fog Wlters. The line represents the best Wt of the function with
equation shown in the graph. (B) SpeciWcation of the Lee Fog Wlters with
increasing opacity, designated as #1 and #2, by the changes they produce
in Pelli–Robson Contrast Sensitivity scores with and without glare for
subject EEC. (C) The same as for (B) for subject MBZ.
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2.5.1. Blue-on-yellow grating acuity
The subject adapted to the yellow background for 2 min followed by
a short practice session prior to the beginning of the experiment. This
time interval was suYcient to allow a stable adaptation level to be
reached. Resolution acuity was measured for blue-on-yellow gratings
(100% contrast on the monitor) presented at one of two oblique orien-
tations (45 or 135 deg) at 8 deg eccentricity in either the 90° or 270°
meridian. A two-alternative forced-choice (2AFC) psychophysical pro-
cedure and the staircase method were used to measure the acuity. The
subject indicated the orientation of the grating by pressing the appro-
priate button. The location was irrelevant. Three correct responses
resulted in an increase and one incorrect response resulted in a decrease
in spatial frequency and seven staircase reversals were collected. As
there was no signiWcant diVerence between the acuities for both loca-
tions and for both orientations, they were averaged. For the two main
subjects the average of three to Wve experimental sessions was used to
establish the resolution threshold. For each of the additional subjects
two resolution measurements were made in a single session and aver-
aged to calculate acuity.
Detection acuity using the same stimuli was measured in a separate
session using a slightly diVerent procedure. The subject here indicated if
the grating was presented above or below the Wxation mark by pressing the
appropriate button. The orientation was irrelevant. The overall mean was
calculated in the same way as for resolution acuity.
2.5.2. Blue-on-yellow grating contrast sensitivity
Contrast sensitivity was measured for the same stimuli using the
same 2AFC procedure outlined above. In the resolution task subjects
responded to the grating orientation and in the detection task to the
grating location. Detection and resolution contrast sensitivities were
measured in separate sessions. Grating contrast thresholds were mea-
sured by the adaptive Best Pest staircase method (Lieberman & Pent-
land, 1982). This technique adjusts the staircase step size on the basis of
information about the threshold gathered on previous trials by using a
maximum-likelihood estimation. Initially, the program presented a
grating of maximum contrast and subsequently calculated steps of con-
trast decrease or increase guided by the subject’s response, in order to
estimate eYciently the contrast threshold. This adaptive staircase pro-
cedure was terminated when a preset conWdence interval (75%) was
reached. The Wnal contrast at the termination was taken as a threshold.
The CS for both detection and resolution task was measured at three
spatial frequencies, which were 0.32, 0.15 and 0.05 log units below the
individual resolution acuity. A high contrast grating of low spatial fre-
quency was used as a catch trial to check the reliability and to maintain
concentration. Three independent staircases, one for each spatial fre-
quency, and the catch trial were interleaved in a single run. For the
main subjects MBZ and EEC, the average threshold for each spatial fre-
quency was calculated from Wve separate sessions.. The threshold for
the additional subjects was calculated as the average of two measure-
ments from a single experimental session.
Factorial analysis of variance (ANOVA) was used to assess statistical
signiWcance.2.6. Calculations of SWS-cone contrasts and retinal illuminance
All luminance and spectral measurements were performed using a
spectrophotometer SpectraScan PR650 (Photo Research, Inc, Chatsworth,
CA, USA) at the eye position. The physical contrast of the blue grating on
the monitor is unaVected by the lens yellowing simulation, since both the
maximum and the mean luminance are aVected to the same extent. How-
ever, since the intense yellow background causes an increase of the SWS-
cone quantal catch, the contrast for the SWS-cones will be reduced when
the grating is superimposed on the yellow background. Thus, under the
conditions of the present study, a blue grating of 100% contrast on the
monitor results in 73% contrast at the level of SWS-cones, and this is fur-
ther reduced when the short-wavelength light decreases as a result of lens
yellowing simulation. The resulting SWS-contrasts are given in Table 1. To
characterize the SWS-cone quantal catch from the combined blue and yel-
low background, the retinal illuminance was expressed in S Trolands (S-
Td), where 1 S Troland equates to 1 Troland of an equal-energy white
(Boynton & Kambe, 1980). It was calculated according to the method
given in Smith and Pokorny (1996) and corrected for the Stiles–Crawford
directional eVect, taking into account the individual pupil size. The blue
gun and yellow background radiance spectrum were measured in 4 nm
steps. For the calculations we used the Judd luminosity function and
Smith and Pokorny fundamentals (Smith & Pokorny, 1996), modiWed in
order to take into account the reduced macular pigment at the eccentricity
tested. To this end, the standard macular pigment transmission spectrum
was removed from the SWS-cone fundamental. In addition, we tried to
estimate the individual SWS-cone catch for both main subjects, MBZ and
EEC, by further including published data about lens density for diVerent
ages. For MBZ, the calculated lens density spectrum for 54 years of age
from Pokorny et al. (1987) was included, while for EEC no correction was
made. The calculated background retinal illuminance and SWS-cone con-
trast for each condition are shown in Table 1 for both subjects.
3. Results
3.1. Blue-on-yellow acuity
The grating acuity results for subjects MBZ and EEC
are shown in Fig. 3. The results are plotted as mean acuity
vs the values of the retinal illuminance in log S-Td taken
from Table 1, without and with each particular Wlter as
indicated in Table 1. This way of presenting the data
allowed a better comparison of the simulation eVects. Note
that the older subject MBZ eVectively performed at much
lower retinal illuminance than EEC, because of her denser
lens and smaller pupil size.
Fig. 3A plots the results for lens yellowing simulation.
The increase in the retinal illuminance corresponds to the
decrease in short-wavelength absorption by the Wlters. The
resolution acuity remained lower than the detection acuityTable 1
Background retinal illumination (log S-Trolands) and SWS-cone grating contrast (%) for lens yellowing and opaciWcation simulation
Subject EEC Subject MBZ
Background (Log S-Td) SWS-cone contrast (%) Background (Log S-Td) SWS-cone contrast (%)
Without Wlters 2.67 73 2.45 67
Yellow Filter cc10 2.53 69 2.32 62
Yellow Filter cc20 2.45 64 2.25 57
Yellow Filter cc10 + 20 2.33 60 2.14 52
FOG 3 2.52 59 2.30 53
FOG 5 2.29 39 2.07 33
2436 M.B. Zlatkova et al. / Vision Research 46 (2006) 2432–2442under all conditions and for both subjects. This was accom-
panied by a perception of chromatic aliasing at spatial fre-
quencies above the resolution limit, where the grating
appears as a ‘splodge’ pattern, an indication that the grat-
ing has been undersampled by the neural array. The resolu-
tion acuity for subject MBZ was considerably lower than
that for EEC. Both detection and resolution acuity declined
only slightly as the short-wavelength absorption increased.
The resolution acuity curve, in particular, was almost Xat.
Two-way ANOVA with factors yellow Wlter and task type
(detection, resolution) showed that for both subjects, the
main eVects of the Wlter and task were signiWcant (MBZ:
F3,73 D 5.22, p < 0.001 and F1,73 D 86.29, p < 0.001, and EEC:
F3,78 D 4.88, p < 0.001 and F1,78 D 27.97, p < 0.001). The post
hoc comparisons (Tukey HSD test) showed that only the
acuity at the lowest retinal illuminance was signiWcantly
diVerent (p < 0.001) from all other conditions for both
detection and resolution acuity and for both subjects. The
interaction between the two factors was not signiWcant for
either subject (p > 0.4). This indicates that although the
detection acuity tended to decrease slightly faster than the
resolution acuity, this tendency was not statistically signiW-
cant.
Fig. 3B plots the acuity results for opaciWcation simula-
tion. The increase in retinal illuminance corresponds to the
decrease in Wlter opacity. It can be seen that the Wlter with
the highest opacity produced considerable decline in acuity
performance. Initially, detection acuity was higher than the
resolution acuity but with increasing opacity both detection
and resolution acuities declined, detection more so, and thethresholds tended to coincide with the densest Wlter. We
performed the same statistical analysis as above with fac-
tors Wlter and task. For both subjects the main eVects for
Wlter and task were signiWcant (MBZ: F2,46 D 54.7, p < 0.001
and F1,46 D 22.9, p < 0.001; EEC: F2,55 D 15.86, p < 0.001 and
F1,55 D 15.05, p < 0.001). The interaction between the two
factors reached signiWcance for MBZ (F2,46 D 4.7, p < 0.014)
but not for EEC (F2,55 D 0.633, p > 0.535). The presence of
statistically signiWcant interaction for MBZ indicates that
the detection acuity for this subject is more aVected by the
opaciWcation simulation than the resolution acuity.
However, some of the general Wndings are more applica-
ble to one subject than the other and it is not clear whether
this is due to individual or age variations. For example, the
starting resolution acuity (without Wlters) for the older sub-
ject was lower in comparison with the younger subject, pos-
sibly indicating that early age-related change was already
present (Zlatkova, Coulter, & Anderson, 2003). For added
information, all measurements were repeated more brieXy
with nine additional observers, Wve young (20–29 years)
and four older (50–59 years). The average acuity for each
group is shown in Fig. 4. The retinal illuminance is in S-Td,
calculated as indicated in Section 2. For the older subjects,
the lens density spectrum for 54 years of age from Pokorny
et al. (1987) was used. The pupil size was 8 mm and this
resulted in slightly diVerent values of the calculated retinal
illumination. For the young group, the values were the
same as for subject EEC. Three-way ANOVA with factors
Wlter, task type and subject as a random factor was
performed for each kind of simulation and for each groupFig. 3. Mean log acuity plotted as a function of retinal illuminance for subjects EEC and MBZ. (A) Lens yellowing simulation: detection (solid squares)
and resolution (open squares) acuity without and with each yellow Wlter and in combination. The abscissa shows the retinal illuminance with each Wlter.
(B) Lens opaciWcation simulation: detection (solid squares) and resolution (open squares) acuity without and with each opacity Wlter for both subjects. The
abscissa shows the retinal illuminance with each Wlter. Error bars represent §1 standard errors of mean (SEM).
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included in the analysis as they incorporated a much larger
number of repetitions. The main eVects of the factors sub-
ject, Wlter and task were signiWcant for both kinds of simu-
lation and for both young and old group (p < 0.0045) The
only diVerence between the two groups was that, for the
older subjects, the interaction between the factors Wlters
and task was signiWcant for lens opaciWcation simulation
(F2,8 D 7.87, p < 0.013). As for the main subjects, the resolu-
tion acuity for the older group was lower than that for the
younger group. Nevertheless, the eVects of the yellow Wlters
for the two groups were similar. The lens opaciWcation
eVect tended to be greater for the older group. The signiW-
cant interaction between Wlter and task for this group con-
Wrms the result obtained with the older subject MBZ
(Fig. 3) that detection acuity decreases faster than resolu-
tion acuity with increased opacity.
3.2. Blue-on-yellow contrast sensitivity
Fig. 5 shows the eVect of lens yellowing simulation on
the CS function for subjects MBZ and EEC at the three
spatial frequencies 0.05, 0.15 and 0.32 log units below the
resolution acuity for each subject. Fig. 5A plots the results
for detection and Fig. 5B for resolution. Each curve shows
mean CS (reciprocal of grating contrast on the monitor) at
four values of retinal illuminance in log S-Trolands associ-
ated with a particular Wlter condition (see Table 1). The
simulated lens yellowing had only a minor eVect on CS for
the younger subject EEC. The maximal CS change for this
subject was 0.1 log units, which is comparable with the
maximal change of 0.08 log units in SWS-cone contrast
(Table 1). For the other subject, the eVect of the yellowWlters was stronger at all spatial frequencies tested, more
noticeably for the detection task. The maximal change for
this task was almost 0.2 log units, higher than the change in
SWS-cone contrast. The eVect of the lens yellowing simula-
tion for this subject was smallest for the resolution task at
the highest spatial frequency tested. Only at this spatial fre-
quency was the resolution CS lower than the detection CS.
To assess the statistical signiWcance of these results, we per-
formed three-way ANOVA with factors yellow Wlter, task
type and spatial frequency. The main eVects for Wlter, task
and spatial frequency were signiWcant for both subjects
(MBZ: F3,198 D 6.61, p < 0.001; F1,198 D 16.46, p < 0.001;
F2,198 D 156.03, p < 0.001, and EEC: F3,178 D 3.41, p < 0.01;
F1,178 D 4.17, p < 0.04; F2,178 D 368.32, p < 0.001). None of the
interactions was signiWcant for either subject (p > 0.1).
Figs. 6A and B plot detection and resolution CS for
opaciWcation simulation for both subjects. Each curve rep-
resents CS at diVerent retinal illuminance in log S-Trolands
that results from the opacity Wlters as indicated in Table 1.
This simulation had a relatively stronger eVect on CS par-
ticularly for the younger subject EEC and the densest Wlter.
We performed the same three-way ANOVA as above. The
main eVects for Wlter, task and spatial frequency were sig-
niWcant for both subjects (MBZ: F2,198 D 43.51, p < 0.001;
F1,198 D 16.68, p < 0.001; F2,198 D 120.88, p < 0.001, and EEC:
F2,78 D 59.83, p < 0.001; F1,78 D 5.05, p < 0.03; F2,78 D 219.95,
p < 0.001). There were no statistically signiWcant interac-
tions for either subject (p > 0.1).
As with the acuity, several diVerences between the two
subjects became apparent: the contrast sensitivity was
lower and the eVect of the increased yellowing on detection
CS in particular was stronger for the older subject com-
pared to the younger one. In order to collect more dataFig. 4. As for Fig. 3, mean data for two groups of Wve young (left column) and four older observers (right column). (A) Lens yellowing simulation. (B) Lens
opaciWcation simulation.
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brieXy repeated with three of the young and three of the
older additional subjects. For lens yellowing simulation, CS
was measured under the extreme Wlter conditions only, i.e.,
without Wlters or with the two Wlters combined. The CS
averaged across subjects is shown in Figs. 7 and 8 for lens
yellowing and opaciWcation simulation, respectively. Since
CS for each subject was measured using spatial frequencies
relative to his/her resolution acuity, the graphs represent
average CS at spatial frequencies 0.05, 0.15 and 0.32 log
units below the average resolution acuity. Four-way
ANOVA with factors task, Wlter, spatial frequency and sub-
ject as a random factor was performed separately for eachgroup. Unlike the results for MBZ, the lens yellowing simu-
lation did not have a signiWcant eVect on CS for the addi-
tional subjects (young group: F1,1 D 2.027, p > 0.39, and old
group: F1,1 D 14.3, p > 0.164). None of the interactions was
signiWcant (p > 0.1). In fact, the results of both young and
old subjects resembled the results of the younger subject
EEC. For lens opaciWcation simulation, we performed the
same four-way ANOVA as above. The main eVect of the
Wlter was signiWcant for the old group only (F1,24 D 5.89,
p < 0.023). Again, the eVects of interactions were not signiW-
cant (p > 0.1). The results from the additional subjects do
not reveal distinctive age diVerences except that CS was
reduced for the older subjects.Fig. 5. The eVect of lens yellowing simulation on contrast sensitivity (CS) for subjects EEC (left column) and MBZ (right column). (A) Detection CS (solid
symbols). (B) Resolution CS (open symbols). The curves are best Wt negative exponential functions. Each curve represents a diVerent retinal illuminance
with each yellow Wlter as indicated in the legend. Error bars represent §1 SEM.Fig. 6. The eVect of lens opaciWcation simulation on contrast sensitivity (CS) for subjects EEC (left column) and MBZ (right column). (A) Detection CS
(solid symbols). (B) Resolution CS (open symbols). The curves are best Wt exponentials. Each curve represents a diVerent retinal illuminance with each
opacity Wlter as indicated in the legend. Error bars represent §1 SEM.
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The main goal of this study was to establish how suscep-
tible both the peripheral blue-on-yellow resolution acuity
and contrast sensitivity are to simulated age-related lens
changes. With respect to the acuity, the results for the lens
yellowing simulation indicate a slight decline in the resolu-
tion performance, the maximal acuity change being 0.05 log
units for the older subjects (Figs. 3 and 4). By comparison,
the resolution acuity loss with age reported previously
(Zlatkova et al., 2003) was of the order of 0.3 log units in a
group of subjects in a 12- to 72-year range. Such a change
could not be explained solely by the lens yellowing simu-
lated in the present study. Although the overall resolution
acuity in our old group of subjects was lower than in the
younger group the lens yellowing simulation had a similareVect for both young and old subjects that further supports
this conclusion. Previous Wndings also have shown that the
SWS resolution acuity is constant over a wide range of blue
luminance (Anderson et al., 2003; Swanson, 1989). In the
present study, we attempted to quantify more adequately
the reduction in the background light reaching the SWS-
cones by using SWS-cone speciWc units (S-Td) and by tak-
ing into account the lens density and pupil size. This way of
representing the data shows that resolution acuity is robust
to at least 3-fold reduction in the retinal illuminance, which
would correspond roughly to lens yellowing up to 75 years
of age on average for the conditions in the current study
(dilated pupils, initial blue luminance of 1.2 cd/m2).
The second question addressed in this study was whether
the resolution acuity remains sampling limited under condi-
tions of simulated lens changes. For the lens yellowingFig. 7. As for Fig. 5, average data for two groups of three young (left column) and three older observers (right column). (A) Detection CS (solid symbols).
(B) Resolution CS (open symbols). The curves are best Wt negative exponential functions. Each curve represents a diVerent retinal illuminance without or
with a combination of the two yellow Wlters as indicated in the legend.Fig. 8. As for Fig. 6, average data from two groups of three young (left column) and three older observers (right column) (A) Detection CS (solid symbols).
(B) Resolution CS (open symbols). All other designations are identical to those used in Fig. 6.
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lower than the detection acuity and all subjects observed
aliasing at spatial frequencies above the resolution limit
(Figs. 3 and 4). The presence of aliasing and the diVerence
in detection and resolution thresholds strongly indicate
that the resolution acuity is limited by the sampling density
of the responding cells (Anderson et al., 2002; Metha &
Lennie, 2001). As the limitation to the SWS resolution acu-
ity derives from the coarse distribution of the SWS-cone-
driven cells this will explain its independence of the reduced
contrast and retinal illuminance that result from the lens
yellowing simulation. It has been shown previously that, at
least for achromatic gratings, the resolution performance is
resistant to contrast changes down to 10% (Thibos et al.,
1996). It is not clear, however, why the resolution acuity
was reduced at lower retinal illuminance, although it still
remained sampling limited. This might be due to adapta-
tional changes in the SWS-cone system at this retinal illu-
minance that might aVect the sampling density of the
responding cells. These results show that reducing retinal
illuminance below a certain level imposes a restriction on
the clinical utility of this method, as it can cause an eVective
SWS-cone acuity loss, which is not attributable to neural
damage. Care should be taken in clinical settings to assure
that the retinal illuminance is high enough to produce a
plateau in the SWS-acuity, especially for older individuals
where pupillary miosis will cause additional reduction of
the light reaching the retina.
OpaciWcation simulation produced a diVerent pattern
of results for the acuity. While the performance did not
change signiWcantly with moderate increase of the scat-
tered light (Wlter #1), it showed more marked decline with
the densest Wlter. In addition, detection was more aVected
than resolution, thus removing the aliasing zone and
reducing the detection/resolution threshold ratio close to
one. The increased lens opacity has been shown to
degrade the retinal image mainly by reducing its contrast
as a result of light scatter and reducing the retinal illumi-
nance through absorption (Ijspeert et al., 1990; Said &
Weale, 1959). Our simulation of the lens opaciWcation
produced similar eVects. As the retinal illuminance was in
the same range as for the lens yellowing simulation, the
decreased contrast is the most probable cause of the sig-
niWcantly reduced performance. While initially the resolu-
tion acuity was sampling limited, the increased light
scatter reduced the stimulus contrast to a point where the
stimulus could not be resolved because it could not be
detected. The calculated SWS-cone contrast did not
include the eVect of the intraocular scatter initially pres-
ent. However, our indirect assessment of this eVect by
measuring the disability glare on the two main subjects
suggests a higher amount of intraocular scatter in the
older subject, which was probably the cause of her worse
performance with the densest Wlter. The results from the
additional subjects tend to support the observation that
acuity in younger subjects resists the eVects of opaciWca-
tion for a longer time.Now we turn to the contrast sensitivity results and
more speciWcally to the high spatial frequency part, close
to the resolution limit. The lens yellowing simulation
aVected the CS for both of the main subjects, slightly more
so for the older subject (Fig. 5). The contrast sensitivity loss
for the younger subject was compatible with the decrease in
SWS-cone contrast due to the increasing short-wavelength
absorption and was similar at all spatial frequencies. The
retinal illuminance also changed concomitantly, but CS for
this subject remained independent of its variations. This
diVerence between subjects might initially suggest that the
retinal illuminance for the younger subject was high
enough for the contrast sensitivity to be on the plateau
region of the contrast sensitivity vs intensity curve, i.e., to
obey Weber’s law. For the older subject, however, the CS
loss was greater and could not be explained solely by
reduced SWS-cone contrast. Swanson (1996) pointed out
that in addition to the factor of retinal illuminance being
out of the Weber region, the “second-site” polarization due
to the yellow background also might aVect the blue-on-yel-
low CS. Both factors could be responsible for the observed
CS loss. However, the additional older subjects did not dis-
play signiWcantly reduced CS with increasing short-wave-
length absorption commensurate with reduced SWS-cone
contrast. Thus, the cause of the results found for subject
MBZ cannot be explained on the basis of the results from
this study alone.
The detection performance was signiWcantly diVerent
from the resolution performance only at the highest spatial
frequency, 0.05 log units from the resolution cut-oV
(one-sided t-test, p < 0.01 for both subjects) and it remained
signiWcantly higher than the resolution performance at all
levels of the simulated lens yellowing (one-sided t-test,
p < 0.01). While the CS loss for EEC was minor for both
detection and resolution and did not show spatial fre-
quency dependence, for MBZ the adverse eVects of lens yel-
lowing were minimized for the resolution task and at this
spatial frequency, which was closest to the resolution cut-
oV. Similar to the acuity, the CS close to the resolution limit
also turned out to be robust to the simulated lens yellowing.
The yellow Wltering eVects were also minor for the addi-
tional subjects at all spatial frequencies.
The CS results for opaciWcation simulation were quite
similar for all subjects; there was considerable decrease in
CS only with the densest Wlter (Figs. 6 and 8). In addition,
the detection and resolution curves came together with this
Wlter and the diVerence was not signiWcantly diVerent from
zero (one-sided t-test EEC: p > 0.27, MBZ: p > 0.14), at any
spatial frequency. The increased light scatter lowered the
contrast down to 30% (Table 1) and at this contrast the per-
formance was not sampling limited anymore. The second
aspect of the stimulus aVected by the opaciWcation simula-
tion was the mean luminance. Introducing dense opaciWca-
tion reduced both blue and yellow luminance by a factor of
3. The reduced blue luminance can be a factor if it is below
the Weber region. The reduced yellow background might
cause a failure of SWS-cone isolation. In such cases,
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increase above the values typical for the SWS-cone system
since the stimuli will be detected by the mechanisms medi-
ated by LWS- and MWS-cones. This was not observed in
the present study.
Previous studies that simulated wide-angle stray light
have shown little eVect on the grating CS (Whitaker & Elli-
ott, 1992) and letter acuity (Elliott et al., 1996) but have
found a decrease in Pelli–Robson scores with increasing
scatter (Elliott et al., 1996). It was suggested (Elliott et al.,
1996) that the achromatic acuity might be more aVected by
narrow angle scatter, not simulated in these studies. The
blue–yellow acuity measured in the present study is consid-
erably lower, ranging between 1 and 3 c/d and it can be
expected that at this spatial frequency both acuity and con-
trast sensitivity will be aVected by the presence of wide-
angle scatter. However, only a minor eVect was found with
moderate amounts of scatter. In order to produce a signiW-
cant decrease in the performance there should be a dra-
matic increase in the amount of light scatter. It was only
with the densest Wlter used by us that the performance was
seriously aVected. Based on our DG measurement with the
Pelli–Robson chart, this performance is more likely to be
observed in subjects with signiWcantly increased intraocular
stray light. Our simulation is not intended to predict an
average performance for all cataracts, as diVerent types of
cataracts produce much more complex retinal light distri-
bution than the wide-angle scatter simulated in this study.
Previous investigation of the blue-on-yellow visual Weld of
cataract patients (Moss, Wild, & Whitaker, 1995) showed
that the sensitivity loss is strongly dependent on cataract
type. Our simulation indicated that only substantial light
scatter would aVect the SWS-cone resolution performance
by reducing the contrast and the retinal illuminance. How-
ever, these eVects are not likely to be observed in patients
with clear media that are generally included in clinical
trials.
In summary, this study showed that both blue-on-yellow
resolution acuity and CS near to resolution limit are robust
to the eVects of substantial simulated lens changes with age
and are limited by the density of the underlying cell array.
Therefore, any clinical test that is based on this type of task
should be better able to separate neural loss from optical
loss, and by remaining sampling limited continues to pro-
vide peripheral (8 deg) acuity measures that are directly
related to ganglion cell density.
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